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An attempt was made to separate thermal from electronic effects during laser sputtering of go
by partitioning the target surface energy between steady-state electron beam heating and pulsed l
heating. For flat starting surfaces and a peak surface temperature of,2700 K, the Au translational
energy remainss223d3 higher than classical expectations and is insensitive to how energy is partitione
between steady-state heating and laser heating. The mean desorption energy is linearly dependen
peak surface temperature, but with a slope of15kBT as opposed to the classical2kBT .

PACS numbers: 61.80.Ba, 64.70.Fx, 68.10.Jy, 79.20.Ds
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The thermal nature of pulsed laser sputtering of m
als (below the plasma onset) has been questioned
relatively few researchers. The wisdom of a thermal d
scription [1] is supported by the conventional picture
how metals absorb and dissipate radiative energy. P
tons are absorbed almost exclusively by conduction b
electrons, while electron-phonon energy relaxation occ
on a time scale of,1 ps. Therefore, with nanosecond- o
longer-duration laser pulses, it seems reasonable to ex
that the metal surface (solid or liquid) will remain in loca
thermodynamic equilibrium and that particles will leav
the surface by classical sublimation or evaporation. In t
case, the translational energy flux distribution of the em
ted particles should have the Maxwell-Boltzmann form

PsEd , E exps2EykBTsd , (1)

whereE ­ 2kBTs is the mean translation energy andTs is
the surface temperature [2]. A good example of agreem
between experiment and thermal expectations is gi
in a recent study by Gibert and Dubreuil [3] on lase
irradiated Fe.

Standing apart from such thermal expectations is
large body of work [4] on DIET processes (desorptio
induced by electronic transitions). A prerequisite f
DIET is some mechanism of localizing electronic e
ergy on one lattice site for times sufficiently long t
lead to energetic particle emission. For low photon e
ergies (less than about 6 eV), most DIET literature
concerned with semiconductors and dielectrics, where
band gap (and defect states localized within the gap) p
vides plausible scenarios for creating energetic partic
through hole localization and electron-hole recombinat
processes.

Surprisingly, a number of recent studies suggest t
electronic excitations may also be involved in desorpti
processes from metals at low photon energies. Hohe
Vollmer, and Träger [5] have shown that metal atoms c
be desorbed from small metal clusters by low-power
laser radiation. The dependence on wavelength, po
and cluster size clearly indicates that collective surfa
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plasmon excitations play a role in stimulating the deso
tion. However, as these authors correctly point out, it
not obvious why a collective excitation of the conductio
electrons over the whole surface of a cluster should le
to energetic particle emission. Other researchers have
voked surface plasmons to rationalize the production
energetic neutrals and ions from continuous metal films
ing nanosecond-duration laser pulses at fluences below
melting threshold. Lee, Callcott, and Arakawa [6] report
bimodal energy distributions of gold atoms desorbed fro
a continuous film with 532 nm laser pulses (t ­ 7 ns).
The gold film was coated on a glass prism, and total
ternal reflection (TIR) at the glass-film interface was us
to enhance surface plasmon excitation via the evanes
wave. Lee, Callcott, and Arakawa argued that their hig
energy gold peaks,0.3 eVd was due to an electronic de
excitation process involving surface plasmons. Kim a
Helvajian [7] observed similarly energetic desorption
Ag1 ions s,0.7 eVd from continuous silver films using
both a TIR geometry and direct irradiation from the va
uum side. They argued that the film roughness must h
been sufficient to support surface plasmon excitation at
metal-vacuum interface. Shea and Compton [8] also
voked surface plasmons to explain high energy (3.6 e
Ag1 ions ejected from a rough (ablated and redeposit
silver surface by 30 ps laser pulses. Some theoretical w
[9] has been attempted to justify the plasmon interpretat
of experimental results.

In an earlier study from this laboratory [10], KrF lase
sputtering of gold was studied at fluences sufficient
surface melting, but vaporizing at most a few monolay
of gold atoms per pulse. Atoms were observed to leave
surface with almost perfect Boltzmann translational ene
distributions, but the energies were far too high to reconc
with a thermal model. Quantitative analysis of the
results was not possible because of rapid hydrodyna
development of high-aspect-ratio surface structures (rid
and droplets) with dimensions comparable to the therm
diffusion length. This destroys the simple picture of
homogeneous surface temperature.
© 1996 The American Physical Society 1659
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The question arises: Would the system behave th
mally if the surface remained flat during the measu
ment? We attempt to answer this question by study
laser sputtering from well-characterized surfaces, us
small numbers of laser pulses to minimize the change
surface topography. We also compare results at the s
peak surface temperature while the partitioning of ene
between steady-state heating and pulsed laser heatin
varied. Quantitative one-dimensional heat transfer cal
lations are used to fix the temperature scale and as
departures from the thermal model.

KrF excimer laser pulses (l ­ 248 nm, t ­ 16 ns)
were delivered to the polycrystalline gold target (25 m
diameter3 1.5 mm thick, 99.999% purity) using a bea
delivery system described previously [10]. In the pres
work a doublet lens was used to reimage the light tun
exit plane at20.223 magnification, producing a 0.7 mm
square spot with a top-hat intensity distribution for no
mal incidence. The target was mounted in a large v
uum chamber, viewed by a differentially pumped ma
spectrometer [11]. Neutral gold atom time-of-flight (TOF
distributions were measured and converted to translatio
energy flux distributions,PsEd, in the usual way. The
steady-state temperature of the target was controlled
electron-beam heating from the back side, holding the
get at1100 V with respect to the filament. A thermocou
ple was used to monitor the target temperature.

One of the technical challenges of this study was o
taining well-defined surfaces from which to make me
surements on the very first laser pulses. The most
vious approach of using a mechanically polished surfa
proved unsatisfactory due to signal interference from c
taminants buried in the selvedge region. An aggress
etch in aqua regia (3:1 HCl/HNO3) provides an extremely
clean surface (as verified by x-ray photoelectron sp
troscopy). The high-frequency roughness of the as-etc
surface [shown in Fig. 1(a)] was removed by precon
tioning the surface with the laser prior to taking data. T
target was in vacuum during this process and recei
about 30 laser pulses per unit area at 0.55 J/cm2 over a
15 mm 3 15 mm serpentine scan area. Preconditioni
involves some compromise in control over local topog
phy development. The problem is minimized if the targ
is irradiated while held at high temperature (1100 K) b
cause of the resulting low periodicity of hydrodynam
topography growth. A typical result of laser precond
tioning is shown in Fig. 1(b). Note that the height sca
is greatly exaggerated; the maximum surface slope is o
3–4±. This is small enough to make local geometric
fluence enhancements unimportant, and the heat tran
problem remains one dimensional. For TOF measu
ments, the target was rotated so that the surface nor
lay parallel to the detector axissqdet ­ 0±d. This makes
the angle of incidence 45±. Unless noted otherwise, th
preconditioned target surface was used for all measu
ments presented below.
1660
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FIG. 1 (color). (a) AFM image of gold surface after etching
aqua regia. (b) Same surface after laser preconditioning at h
temperature (T0 ­ 1100 K, f ­ 0.55 Jycm2, N ­ 30 pulses).
Note that the height scale is exaggerated by more than103
relative to the scale of thex and y axes in both images. The
maximum slope on the smoothed surface is only 3–4±.

The data shown in Fig. 2 was obtained using six diffe
ent static target temperaturesT0, with the fluence adjusted
in each case to keep the peak calculated surface temp
tureTpeak as close as possible to 2700 K [12]. The fractio
of surface heating provided by the laser varies from 59
at T0 ­ 1100 K to 87% atT0 ­ 350 K. At each value
of T0, data were taken at 18 spots. At each spot, five 1
shot TOF measurements were recorded sequentially,
ating bins for laser pulsesN ­ 1 10, 11 20, . . . , 41 50.
A total of 540 TOF distributions were analyzed to obta
yield and translational energy data.

Consider first the data from the initial two TOF bin
(open circles and squares in Fig. 2), which are le
affected by changes in surface topography. Three intri
ing results emerge. First, the measured mean translati
energies of,1.3 eV are much higher than the predicte
E ­ 2kBTpeak ­ 2kBs2700d ­ 0.46 eV from classical
evaporation theory. Second, both the yield and d
orption energy show little if any dependence on ho
energy is partitioned between pulsed laser heating
steady-state heating. This result is surprising since
would expect this system to approach the classical2kBT
result in the limit that fluence goes to zero. Third, ev
though the mean desorption energies are hypertherm
the experimentalPsEd’s are remarkably faithful to the
Maxwell-Boltzmannshape(see Fig. 3).
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FIG. 2. (a) Average yields and (b) mean translational en
gies of Au atoms for six different combinations of fluenc
and static target temperature, the pairs chosen to create
same peak surface temperature of,2700 K. Symbols cor-
respond to different cumulative numbers of laser pulses
the preconditioned surface:ssd N ­ 1 10, shd N ­ 11 20,
sed N ­ 21 30, snd N ­ 31 40, ands>d N ­ 41 50.

If one now looks at the data points in Fig. 2 corre
sponding to larger accumulated numbers of laser puls
the effects of topography development can be seen.

FIG. 3. Translational energy distributions for the two extrem
static temperature and fluence pairs of Fig. 2. The circles rep
sent a direct inversion of the experimental TOF distributions f
the N ­ 1 10 shot bin. The solid curves are Boltzmann dis
tributions having the same mean energies (indicated by das
lines) as the experimental distributions.
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the lower static target temperatures, and 350 K in p
ticular, both energies and yields increase after the fi
20 laser pulses due to local fluence enhancement f
developing high-aspect-ratio surface topography. Ho
ever, at high static temperatures the surface remains
ter through greater number of laser pulses because of
longer periodicity of surface structures. Consequently
higher static target temperatures, the data points for
five TOF bins remain close together.

Figure 4 summarizes the results of another experim
in which the peak surface temperature was varied. Th
fluence values were explored at each of two static tar
temperatures. The mean translational energy for
N ­ 1 10 shot bin is plotted against the peak calculat
surface temperature. Figure 4 demonstrates that the s
of energy with respect to temperature is approximat
15kB, as opposed to2kB predicted by theory.

Our results demonstrate substantial discrepancies
tween the desorption energy and surface temperature,
ing the question of our confidence level in the calculat
temperatures. There are essentially three categorie
uncertainties for the calculation: thermal properties, eq
librium assumptions, and optical properties. Equilibriu
temperature-dependent thermal properties for both the
uid and solid phases are readily available and are ta
at face value [12]. Our study uses 16 ns pulses wh
is vastly longer than the time scale for electron-phon
thermalization in metals, justifying the assumption of l
cal quasiequilibrium. The final issue of the optical pro
erties will be commented on in the following paragrap
Our confidence level for the absolute temperature scal
about 20%. We base this on a study in which we e
perimentally found the threshold for surface melting a
compared that with our numerical calculations. Our u
certainty in predicting relative changes in surface temp
ature (which is all that matters for the energy partitioni
experiment, for example) is less than 10%.

For smooth surfaces, the optical properties are w
known and believed to be insensitive to temperatu

FIG. 4. Mean translational energy of Au atoms vs pe
calculated surface temperature for the first 10 laser pulses
a preconditioned surface. Data for two different static tar
temperatures are shown.
1661
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However, surface asperities may have a nonlinear eff
on the coupling of laser light to the surface. This
the foundation for the surface plasmon excitation pictu
and the principle motivation for the preconditionin
procedure that removes high-frequency surface structu
through melting. Nevertheless, no conceivable chan
in optical constants (nonlinear effects included) cou
elevate the surface temperature by a factor of 2–3. T
248 nm reflectivity of Au at 45± incidence is 26% for
our predominantlyp-polarized light. So even ifall the
incident light were to be absorbed, that would give only
35% increase in surface temperature.

The final data to be reported here concern the chan
in the gold atom translational energy during the 30-sh
high-temperature preconditioning procedure. The expe
ment was performed on discrete spots atqinc ­ 45±. Ten
sequential 3-shot TOF measurements were recorded
each spot, and the binned results were co-added and
verted to give the mean translational energies. The rou
initial surface of Fig. 1(a) produces a mean translation e
ergy over 5 eVsT0 ­ 1100 K, f ­ 0.55 Jycm2). The
translational energy asymptotically approaches a va
slightly above 1 eV for the final smoother surface o
Fig. 1(b). The factor of 4–5 rolloff in desorption energ
is clearly beyond explanations revolving on changes in n
energy coupling to the surface due to roughness. Yet
shape of thePsEd remains close to Boltzmann in all case

These results demand a reevaluation and refinemen
our ideas concerning thermal, electronic, and topograp
effects in laser sputtering of metals. In contrast to oth
reports in the literature, we have never observed a th
mal energy distribution, nor have we observed a bimod
energy distribution with a “slow” thermal component an
a “fast” electronic or DIET component. Indeed, the b
havior we observe does not fall cleanly into the therm
or DIET camps, but is some sort of hybrid between th
two. Even for flat smooth surfaces, where plasmon e
citation should be very inefficient, the mean Au transl
tional energy is (2–3)3 higher than classical evaporatio
theory predicts. When the target surface is microsco
cally rough, the Au yields and translational energies a
greatly enhanced. This last point is qualitatively cons
tent with plasmon involvement, but ourPsEd’s prove that
some atoms are directly ejected with translational en
gies greater than either the quantized plasmon energy
the photon energy. The real situation appears to be m
complex than the picture put forward by Ritchie, Man
son, and Echenique [9] (i.e., a single quantized surfa
1662
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plasmon transferring most of its energy to a single ion
atom with momentum conservation provided by the la
tice). Perhaps the most remarkable result or our stud
that, over the entire range of conditions explored, the g
atom PsEd remains faithful to the Maxwell-Boltzmann
form, and the mean desorption energy tracks with t
surface thermal condition, despite the energies being
perthermal. These facts may hold the clue to better th
retical understanding.
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